The possibility that oxidative stress promotes degradation of the extracellular matrix and a relationship between intraluminal thrombus (ILT) thickness and proteolytic activity within the abdominal aortic aneurysm (AAA) wall has been suggested. In the present study, the hypothesis that thin ILT is correlated with an increase in oxidative stress-related enzymes and matrix metalloproteinase-9 (MMP-9) expression within the human AAA wall was investigated. We also studied the antioxidant activity of superoxide dismutases, catalase, glutathione peroxidase, glutathione reductase, and thioredoxin within the full-thickness AAA wall and through fluoroimmunohistochemical staining of catalase and MMP-9 expression within the inner and outer media, in relation to ILT thickness. Reactive oxygen species control the degradation and remodeling of the extracellular matrix by up-regulating proteolytic enzymes, such as MMPs. Results showed that oxidative stress and proteolytic enzyme expression were simultaneously, significantly higher within thin thrombus (£10 mm)-covered aneurysm wall when compared with the wall covered by thick thrombus ( ‡25 mm). These findings provide the first demonstration, to our knowledge, of a causative link between oxidative stress instigating proteolytic enzyme expression at the tissue level and human AAA development. Presence of a thin circumferential thrombus should always be considered as a risk factor for the greatest increase in aneurysm growth rate and rupture, giving an indication for surgery timing.-Wiernicki, I., Parafiniuk, M., Kolasa-Wołosiuk, A., Gutowska, I., Kazimierczak, A., Clark, J., Baranowska-Bosiacka, I., Szumilowicz, P., Gutowski, P. Relationship between aortic wall oxidative stress/proteolytic enzyme expression and intraluminal thrombus thickness indicates a novel pathomechanism in the progression of human abdominal aortic aneurysm. FASEB J. 33, 885-895 (2019). www.fasebj.org KEY WORDS: vascular biology • arterial wall • parietal thrombus • antioxidant activity • matrix metalloproteinase-9
investigations suggest that oxidative stress, that is, production of reactive oxygen species (ROS) in excess of antioxidant protection, is involved in the vascular degeneration found in AAA.
Oxidative stress is a pathogenic mediator of many diseases, especially cardiovascular diseases, such as atherosclerosis and hypertension, which are associated with AAA development. Some authors consider that oxidative stress may have a key role in the pathogenesis of AAA and suggest that antioxidant therapy could be of interest to delay aneurysm progression (8, 9) .
Oxidative stress can be defined as tissue damage occurring secondary to increased production and/or decreased destruction of ROS. Thus, the balance between production and destruction of ROS depends not only on the activity of ROS-generating systems, such as NADPH oxidase, but also on levels of endogenous cellular antioxidants and antioxidant enzymes, such as superoxide dismutases (SODs), catalase (CAT), glutathione peroxidase (GPx), glutathione reductase (GR), and thioredoxin (Trx). The enhanced production of ROS associated with localized inflammatory responses, can cause progressive cell and tissue damage (e.g., oxidative stress), and increasing evidence points to those factors in the pathogenesis of AAA. Moreover, ROS have an important role in the activation of matrix metalloproteinases (MMPs) and induction of vascular smooth muscle cell apoptosis (10, 11) . It has been established with certainty that superoxide radical anion production and oxidative stress are locally enhanced in human aortic aneurysmal tissue compared with healthy tissue from the same aorta (5) . When acclimating to increased levels of oxidative stress, antioxidant enzyme concentrations typically increase. The most striking effects of vitamin C deficiency, as an antioxidant, were alterations in the wall of aorta, as evidenced by the disruption of elastic laminae (12) . Red blood cells, leukocytes, and platelets present in aneurysmal intraluminal thrombus (ILT) implicate myeloperoxidase and the catalyzing role of hemoglobin in the redox imbalance inside diseased arterial tissues. Other non-hemo-iron-related antioxidant enzymes (e.g., SODs, CAT, and Trx) may also be involved in redox modulation in pathologic remodeling of the arterial wall, partially linked to the presence of red blood cells, leukocytes, platelets, and oxidized fibrin within tissue and to the imbalance between pro-and antioxidant molecules (13) .
An ILT is contained in 97% of all aneurysms comprising .50 mm of the maximum diameter, which complicates AAA progression and risk of rupture. Computational analyses suggest that the presence of an ILT should be accounted for when predicting potential enlargement or rupture risk of AAAs (14) . A recent study showed that the occurrence of an ILT precedes AAA peak growth in a rat model (15) . ILT thickness influences aneurysmal wall remodeling (16, 17) and may also contribute to oxidative stress generation and its localization in the aneurysmal tissue. In the present study, the hypothesis that oxidative stress is increased within aorta wall covered by thin ILT (#10 mm) was investigated, as well as local interactive mechanisms whereby differential intensity of oxidative stress across wall layers may contribute to the pathogenesis and the course of AAA. The addition of ILT status into the estimation of possible rupture risk seems applicable and needs intensive investigation.
Among matrix-degrading enzymes, MMP-9 has been investigated most frequently and is thought to be crucial in the development of AAA (18, 19) . We investigated both antioxidant enzyme activity, that is, SOD1, SOD2, CAT, GPx, GR, and Trx, within full-thickness samples of the AAA wall, and CAT and MMP-9 expression across wall layers in relation to the adjacent ILT thickness.
Proteomic analysis has revealed decreased CAT expression and activity in circulating neutrophils from patients with AAA, paralleled by decreased plasma CAT levels (20) . Moreover, CAT administration significantly inhibited AAA formation in male rats (21) . The protective effect of CAT activity against vascular wall damage and AAA formation is primarily mediated by modulation of MMP-9 activity (9) . Therefore, in the present study, we focused on the distribution of CAT and MMP-9 expression across the AAA wall, within the inner and outer media areas, in relation to ILT thickness.
MATERIALS AND METHODS

Subjects and study design
Material was prospectively sampled from 34 consecutively recruited patients (30 men and 4 women) during the process of repairing AAAs at the Department of Vascular Surgery and Angiology of Pomeranian Medical University. The mean 6 SD age of the patients was 67.4 6 9 yr (range, 54-85 yr); coronary artery disease was found in 11 patients, arterial hypertension in 17, chronic obstructive pulmonary disease in 18, and diabetes mellitus in 2. Thirty patients were active smokers. The mean 6 SD diameter of the maximum AAA appeared to be 63 6 11 mm (range, 52-83 mm). Approval for the study was granted by the Ethics Committee of the Pomeranian Medical University. Written, informed consent was obtained from each patient for the study and article images, in accordance with the Declaration of Helsinki.
Tissue sampling
In each case, 2 sections of the aneurysm wall were examined: 1 covered with thin thrombus (#10 mm; site A), and 1 with a thick thrombus ($25 mm; site B) as shown in our previous article (18) . We used such inclusion criteria to clearly differentiate thin mural thrombus (#10 mm), which permits penetration of blood components to the wall, from a thicker thrombus (22) . Tissue samples were gathered from the middle third of the longitudinal dimension of the AAA sac (at the same level as sites A and B). Biopsy samples were retrieved, after clamping of the aorta from the anterior or posterior-lateral position at the aneurysm wall. Samples were taken from the thick and thin thrombus-covered vessel walls (the thrombus thickness was measured for each site with a laser micrometer before excision of specimen) during surgery. Samples were not obtained from the posterior wall, near the vena cava inferior because of potential additional risk to the surgery. Two 1-cm 3 2-cm tissue sections were cut transversely from the thin and thick thrombus-covered aneurysm wall. The adventitia was dissected free of excess perivascular fat and soft tissues enveloping the abdominal aorta. Therefore, we analyzed the wall, including media and adventitia, whereas the intraluminal thrombus itself was excluded. Preparation of samples was performed on ice. In all cases, the AAA imaging included computed tomography. All samples were obtained from elective cases.
Sample preparation, homogenization protocol
Frozen samples were taken from liquid nitrogen and placed in a thermobox (221°C). A small fragment of the tissue was placed in a metal tissue homogenizer (previously cooled in a container with liquid nitrogen), and liquid nitrogen was poured on the tissue 2-3 times; the tissue was then fragmented with a few pestle blows (4-5 times) against a metal mortar (also previously cooled in a container with liquid nitrogen). Pulverized and frozen samples (with ;1 mg of protein) were placed with a cooled spoon in an Eppendorf tube containing 500 ml of appropriate buffer (according to a commercial enzyme assay kit procedure) at 4°C. After vortexing, homogenization was performed with a knife homogenizer for about 15 s. Extract mixtures were centrifuged (3000 g for 10 min, at 4°C), and the supernatants were stored at 280°C and used for enzyme assays.
Antioxidant enzyme activities
Analyses of SOD, CAT, GPx, and GR all used commercial assay kits (Cayman Chemicals, Ann Arbor, MI, USA) of the same name, according to manufacturer's procedures, and all antioxidant enzyme analyses and protein measurements used an Asys UVM 340 (Biogenet, Józefów, Poland) spectrophotometer to measure color changes.
SOD analysis
SODs are metalloenzymes that catalyze the dismutation of the superoxide anion to molecular oxygen and hydrogen peroxide and, thus, form a crucial part of the cellular antioxidant defense mechanism. In the method used, a tetrazolium salt was us by SOD for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine (https://www.caymanchem.com/pdfs/ 706002.pdf). In this study, both SOD1 (copper-zinc SOD) and SOD2 (manganese SOD) were examined.
CAT analysis
The method used was based on the reaction of the enzyme with methanol in the presence of an optimal concentration of H 2 O 2 . The formaldehyde produced was measured colorimetrically with chromogen, which specifically forms a bicyclic heterocycle with aldehydes and changes color (https://www.caymanchem.com/ pdfs/707002.pdf).
GPx analysis
GPx catalyzes the reduction of hydroperoxides, including hydrogen peroxide, by reduced glutathione, and functions to protect the cell from oxidative damage. Selenocysteine, present in the active site of the enzyme, participates directly in 2-electron reduction of the peroxide substrate. The enzyme uses glutathione as the ultimate electron donor to regenerate the reduced form of the selenocysteine. The kit used measured GPx activity indirectly by a coupled reaction with GR. Oxidized glutathione, produced upon reduction of hydroperoxide by GPx, was recycled to its reduced state by GR and NADPH (https://www.caymanchem.com/ pdfs/703102.pdf). Oxidized glutathione, produced upon reduction of hydroperoxide by GPx, was recycled to its reduced state by GR and NADPH (https://www.caymanchem.com/pdfs/703102.pdf).
GR analysis
The kit used measured activity by measuring the rate of NADPH oxidation. The oxidation of NADPH to NADP + was accompanied by a decrease in absorbance and was directly proportional to the GR activity in the sample (https://www.caymanchem.com/pdfs/ 703202.pdf).
Quantitative measurement of Trx
An ELISA kit for Trx (Wuhan USCN Business, Wuhan, China) was used for quantitative measurement of Trx. This kit used a sandwich enzyme immunoassay. The microtiter plate provided in this kit was precoated with an antibody specific to Trx. Samples were added to the appropriate plate wells with a biotinconjugated antibody specific to Trx and enzyme-conjugated avidin. Addition of substrate solution caused a color change only in those wells that contained Trx. The color change was measured spectrophotometrically with an ASYS UVM 340 spectrophotometer (Biogenet).
Protein measurement
All results obtained for antioxidant enzyme activity were calculated relative to the protein content in the samples, which was measured with a Micro BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).The assay kit was a 2-component, high-precision, detergent-compatible assay reagent set to measure total protein concentration compared with a protein standard. The method combined the well-known reduction of Cu 2+ to Cu 1+ by protein in an alkaline medium with the highly sensitive and selective colorimetric detection of the cuprous cation (Cu 1+ ) by bicinchoninic acid (http://www.thermofisher.com/order/catalog/ product/23225).
Histologic analysis
Immunohistochemistry
The intraoperatively obtained, full-thickness, aneurysm wall samples from patients with AAA were fixed in 4% paraformaldehyde, embedded in paraffin blocks, and sliced into 2-3-mm-thick sections on a rotary microtome (Microm HM340E; Thermo Fisher Scientific). Preparations were deparaffinized in xylene and ethanol with decreasing concentrations and were used for further immunohistochemical staining. To expose the epitopes, sections were boiled twice in a microwave oven (700 W, 5 min) in 10 nM citrate buffer (pH 6.0). Once cooled and washed with PBS, the slides were incubated for 60 min at room temperature with 2.5% bovine serum albumin to block nonspecific binding of the primary antibody. After that, the tissues were covered by primary mouse anti-CAT (sc-365738; final dilution 1:300) and anti-MMP-9 (sc-21733; final dilution 1:300) mAbs and incubated overnight at 4°C. Slides were then washed in PBS, and secondary antibody (goat anti-mouse IgG, labeled with FITC, sc-2010, final dilution 1:200) was added for 1 h. Sections were washed in distilled water and covered with DAPI (sc-24941) under a cover slip. Antibodies and mounting medium were from Santa Cruz Biotechnology (Dallas, TX, USA). A positive result of fluoroimmunostaining was defined microscopically (the analyzer used was an Imaging AxioVision 4.8 microscope coupled to a UV Imager G1; Carl Zeiss, Oberkochen, Germany) by visual identification of green fluorescence. ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to estimate image intensity within a 3-dimensional view.
Additionally, histologic slides of AAAs were stained with orcein using the commercial histologic staining kit (04-055802; Bio-Optica Milano, Milan, Italy) and a Mallory trichrome kit (04-020802; Bio-Optica Milano), according to the manufacturer's instructions.
Segmentation
Tissue sections were evaluated using a dark background and a condenser lens 310. UV light emission was visualized from the selected piece of tissue with a 310 objective and UV filter 38 (agitation BP470/40, separating the bundles FT495, emission 525/50 green; Carl Zeiss; Fig. 1 ). Division of the aneurysm wall into 2 equal sample parts (inner and outer media) was arbitrarily performed with a yellow interrupted line (Fig. 2) .
Assessment of color intensity for CAT and MMP-9 used an Imaging AxioVision 4.8 microscope (Carl Zeiss) coupled to a UV Imager G1.
In general (Eq. 1 and Fig. 3) :
where Pc is the aggregate area of objects on a separate full sample, Ps is the area of sample, Pcin is the aggregate area of objects separated on a sample from the intima (inner media), Psin is the area of sample from the intima, Pcad is the aggregate area of objects separated on a sample from the adventitia (outer media), and Psad is the area of sample from the adventitia.
Factors
The following factor equations were used (Eq 2):
where WPin is the factor calculating CAT or MMP-9 activity within the inner media, and WPad is the factor calculating CAT or MMP-9 activity within the outer media. WIR . 1 represents an increased reaction to the inner media. The WPin/WPad ratio is the integrated value indicating the intensity of the immunohistochemical reaction (WIR). 
Statistical methods
Statistical
RESULTS
Comparisons of antioxidant expression within AAA walls between sites A (next to thin thrombus) and B (next to thick thrombus) are presented in Table 1 .
The current study did not evaluate MMP-9 activity in full-thickness samples because, in the previous paper (17), Figure 1 . A) Preparation for the preliminary assessment of the quality of the material (condenser dark background image, e.g., CAT). Preparation of the same sample for measurement (sample image illuminated UV CAT series). B) Original image. C ) Image prepared for binarization. D) Image in binary form.
we reported that increased proteolytic activity was found in site A (covered with thin thrombus), and active MMP-9 was significantly higher (P = 0.001) than at B sites.
The means 6 SD values of CAT and MMP-9 expression were (insignificantly) higher in the inner media area than in the outer media within thin ILT-covered AAA wall (site A, 0.065 6 0.038 vs. 0.038 6 0.036, P , 0.08) and (0.083 6 0.057 vs. 0.057 6 0.045, P = 0.34), respectively.
Within thick ILT-covered AAA wall (site B), the means 6 SD values of CAT and MMP-9 expression were significantly higher in the outer media area than in the inner media (0.110 6 0.093 vs. 0.042 6 0.020, P , 0.02) and (0.095 6 0.024 vs. 0.045 6 0.027, P , 0.008), respectively ( Fig. 4) .
Collectively, the expression of CAT and MMP-9 was more intense from the intima (inner media) in the site A series, where the adjacent ILT was thin (#10 mm), than in the outer media in the site B series, where the thick thrombus (.25 mm) is adjacent to the wall (Fig. 5) .
The means 6 SD values of the WIR (see Materials and Methods) for CAT and MMP-9 expression were significantly higher within thin (site A) thrombus-covered AAA wall than within thick (site B) thrombus-covered wall (2.81 6 2.55 vs. 0.45 6 0.31, P = 0.0004) and (1.61 6 0.69 vs. 0.48 6 0.28, P = 0.0009), respectively (Fig. 6) .
Collectively, the WIR factor values differentiated the site A and site B series in favor of the site A series for CAT and MMP-9 ( Fig. 7) . Figure 8 shows thin thrombus-covered AAA wall ( Fig.  8A, A' ) and thick thrombus ( Fig. 8B, B' ), and the elastin (Fig. 8A, B) within the wall is visible as dark-brown fibers. In slides processed with the Mallory Trichrome Kit (Fig.  8A', B') , collagen type I is visible as deep-blue fibers and elastin as pale-pink fibers; among which, the red-colored nuclei of cells are also visible. Within the inner media of the underlying thin thrombus, the elastin fibers are not so noticeable (Fig. 8A ) because of their degradation caused by the higher activity of MMP-9, compared with thick thrombus-covered wall (Fig. 8B) . Moreover, within thin thrombus-covered walls, there are more-prominent collagen fibers (Fig. 8A') than in the opposite thick thrombuscovered wall (Fig. 8B') , possibly because of compensatory formation of collagen as elastin fibers were lost. Figure 2 . The division of the tunica media of the aneurysm wall (in the case presented, for a CAT series within thinthrombus-covered AAA wall) into 2 equal parts: in, from lumen across the intima to the inner media; ad, from adventitia to the outer media. Representative photomicrograph showing the tunica media of AAA wall at original magnification, 3100; all panels were taken at the same magnification. A) Division of the aneurysm wall into 2 equal parts (yellow interrupted line). B) Estimated image intensity of the reaction within a 3-dimensional view (ImageJ) for the corresponding divided parts to the whole sectional area of the AAA wall as shown in A. 
DISCUSSION
Although the mechanisms for the development of aortic pathologies have been validated in animal models, the relative influence of them in human aortic aneurysms is far from clear. AAA is a permanent dilation of the aorta because of excessive proteolytic, oxidative, and inflammatory injury of the aortic wall, modulated by genetic background. However, not all portions of the AAA enlarge over time; some can be stable or even shrink during development. An AAA is increasingly considered to be a chronic disease of the medial arterial layer (23) . The arteries have 3 concentric layers (tunica intima, media, and adventitia), which are more prominent in large and medium arteries. The artery walls can be so thick (e.g., in the aorta and iliac arteries) that they may need their own blood supply known as the vasa vasorum. The nutritional vessels (vasa vasorum) of the aortic wall deliver oxygen and nutritive components only to the adventia and outer media (Fig. 7) , whereas the intima and inner media are supplied by blood from the lumen (24) .
One component of the arterial wall in humans is the elastic fiber network organized mainly in the tunica media (the medial arterial layer). The maintenance of arterial elastin's integrity is essential for the prevention of AAA development. Inflammatory cell infiltration provides a source of MMP-9 in the AAA wall and may substantially contribute to aneurysm wall instability. MMP-9 appears to be the predominant metalloproteinase in the AAA because of its mRNA expression in AAAs being .20 times greater than that of MMP-1 and 2 times greater than that of MMP-2 (25). Elmore et al. (26) state that it is the growth of MMP-9 activity, and not MMP-2, that is an important factor in the etiology of AAAs. Thus, circulating inflammatory cells trapped in the luminal layer of the ILT, most likely neutrophils, produce those proteases (27, 28) . At the histologic level, the visible hallmarks of AAA pathogenesis include inflammation, extracellular matrix degradation, and oxidative stress. Excessive proteolytic activity and oxidative stress seems to be key mechanisms of AAA formation. ROS are known to react with thiol groups, such as those involved in preserving MMP latency, so they could modulate the activity of MMPs (10) . Thus, ROS can activate matrix degradation in areas of high oxidant stress and could, therefore, contribute to aneurysm development. Compared with healthy, insoluble elastin, oxidized elastin may have more cleavage regions (29) and greater susceptibility to elastolysis. In our study, expression of antioxidant enzymes, such as SOD1 (copper-zinc SOD), SOD2 (manganese SOD), CAT, GPx, and GR was significantly greater within thin-ILT-covered AAA walls compared with that adjacent to thick thrombus (Table 1 ). In a previous study (17), we showed that increased MMP-9
activity was also significantly greater within aneurysm walls adjacent to thin ILT, providing similar conclusions. Elevated levels of oxidative stress have been reported in human aortic aneurysmal tissue compared with healthy tissue from the same aorta. Experimental AAA formation is associated with early increases in SODs, particularly the MnSOD isoform, and increases in MMP-9 activity and expression (30) . Moreover, endogenous SOD activation and its antioxidant effect were associated with significantly reduced MMP-9 expression and AAA formation in a rat model (31) . As mentioned, the protective effect of CAT activity against AAA formation is primarily mediated by modulation of MMP-9 activity (9) . Some authors reported that mediators released by the ILT, particularly by the luminal layer and the adventitia, were shown to induce ROS production by cultured aortic smooth muscle cells (32) . Those reports correspond well with our recent findings that enhanced oxidative stress and proteolytic activity (CAT and MMP-9) appeared in the same areas of the AAA wall ( Fig. 7) .
Aneurysmal tissue elastase activity is mainly localized within the intima and inner media of the wall. Comparisons of elastase activity of the inner layer of aneurysm tissue (intima and inner media) and the outer layer (outer media and adventitia) showed ;5 times more activity in the former group than in the latter (P = 0.0001) (33) .
Cellular penetration from the AAA lumen through an ILT may occur up to 10 mm (21) . The thin (#10 mm) thrombus-covered wall associated with high proteolytic activities of elastase and MMP-9 could lead to focal weakening of the aneurysm wall (17) . These findings have been indirectly confirmed by other investigators who reported that ILT was significantly thinner in ruptured than in nonruptured aneurysms (9 vs. 19 mm) (34) . The aneurysm biopsies from the rupture site show higher MMP-9 levels compared with samples taken from the paired anterior wall (35) . Moreover, hemodynamic forces may modulate AAA inflammation and diameter enlargement via direct regulation of intimal macrophage and neutrophil adhesion and transmural migration (36) . Recent studies show a preferential accumulation of neutrophils and release of major neutrophil chemotactic factors at the luminal layer of the ILT (37, 38) . Moreover, immunohistochemistry of the ILT confirmed these findings, showing the presence of many neutrophils at the luminal part of the thrombus, and those neutrophils release elastase and pro-MMP-9, as well as colocalize with MMP-9 storage (27, 39) . Some studies have demonstrated that human neutrophil elastase could not only activate pro-MMP-9 but also degrade a tissue inhibitor of metalloproteinases-1 (40) . Neutrophils, macrophages, T helper cells, and B lymphocytes infiltrates are relevant sources of MMP-9 in the AAA wall and may substantially contribute to aneurysm wall instability. Furthermore, significant inverse correlations were found between the amounts of those inflammatory cells and elastin/collagen content of the aortic vessel wall (41) .
Endothelial cells are able to migrate and differentiate within the medial layer, which strongly indicates that endothelial MMP-9 regulates proangiogenic endothelial cell functions and ultimately promotes degradation of the extracellular matrix (42) . MMP-9 activity was also distributed by macrophages, invading neovessels at the outer media and adventitia of the AAA (43, 44) . Neovascularization has been reported to be associated with inflammation and elastin degradation (45) , most prevalent in areas with large numbers of mast cells (46) . An important role for mast cells is suggested by the correlation between the many mast cells in the outer aortic media and adventitia of the AAA wall. Mast cells contribute to the synthesis of MMP-9 in macrophages and release and activate pro-MMP-9 from macrophages in human AAA (47) . This suggests that MMP-9 penetration to the AAA wall with thin and thick thrombus may be regulated by different mechanisms, and thin ILT is contributing to the enhanced elastinolytic process within the adjacent aneurysm wall because it is more permeable than a thick ILT.
The processed forms of MMP-9 significantly increased from the luminal thrombus layer toward the AAA wall, suggesting that the activation process might originate in the wall (48) . Immunohistochemistry localized MMP-9 to the interface between the thrombus and the underlying AAA wall, and its expression was colocalized with the presence of neutrophils. Moreover, the liquid interface between the thrombus and the wall also contained active MMP-9 (49) . Neutrophils and macrophages are well known as a main source of proteolytic enzymes and were colocalized with the presence of CAT and MMP-9 (19-22, 27, 28, 39, 43, 44, 49) within the AAA wall and ILT. Therefore, in the present study, it was not investigated which cells in the vascular wall were expressing the CAT and MMP-9. ROS and MMP-9 in areas of high oxidant stress within thin ILT-covered AAA wall could, therefore, contribute to enhanced elastin degradation. Figures 1, 2 , and 4 show that CAT and MMP-9 activities were greater in the inner media area within thin-ILT-covered AAA wall than in the outer media. The findings above correspond nicely with those in Fig. 8 , which demonstrates that the amount of elastin fibers in the thin thrombus-covered wall was reduced when compared with the wall covered by thick ILT, as also presented in our previous study (16) .
Some studies have demonstrated that MMP-9 may warrant further evaluation as a biomarker for predicting expansion and rupture of AAA (50, 51) .
In a recent study, Behr-Rasmussen et al. (52) supported our findings that the presence of a thin, circumferential thrombus was associated with the greatest increase in the growth rate of an aneurysm. Even faster growth was observed among those AAA containing a thin ILT located along the inner circumference.
In our opinion, development of an infrarenal aneurysm by blocking adventitial vasa vasorum blood flow (53) is most likely due to hypoxia-induced ROS and the consequent up-regulation of the expression of MMP-9 (54), which indirectly supports a predominant role of the inner media layer of the aorta wall in oxidative stress instigating proteolytic enzyme expression pathomechanism in AAA progression and rupture.
These results at the tissue level showed, for the first time, to our knowledge, that oxidative stress and proteolytic enzyme expression were simultaneously significantly higher within thin-thrombus-covered human AAA walls when compared with walls covered by thick ILT. In addition, oxidative stress and proteolytic enzyme expression were enhanced within the thin-thrombus-covered (#10 mm) part of the inner media, as well as within the outer media of wall covered by thick thrombi ($25 mm) ( Fig.  7) . These findings uncover a possible causative role for oxidative stress instigating proteolytic expression and indicate a novel pathomechanism in human AAA progression.
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